Three tetracycline analogues, tetracycline (TC), chlortetracycline (CTC) and oxytetracycline (OTC) have been used extensively in man and are well established as effective antimicrobial agents. Recently a fourth analogue, demethylchlortetracycline (DMCT) was described (1) and is being introduced for clinical use.' The structural formulas of these four tetracyclines are shown in Figure 1 . Some of the important properties of the new analogue are: its resistance to heat, stability in acid and alkaline solution (1) , good absorption with well-sustained blood levels (2) (3) (4) and antibacterial activity comparable to the best of the previously available analogues (1) (2) (3) (4) (5) and, in many instances, superior to them (5) . The half-life of DMCT in serum following an oral dose was found to be 44 per cent longer than that of TC; this was shown to be related to the slower rate of renal excretion of the former (2). Thus, DMCT was shown to produce much higher and better sustained levels of antibacterial activity in the serum than either TC (2, 3), CTC (3, 4) or OTC (4) .
The antibacterial spectra of the first three tetracyclines have been found to be identical, although some differences in their relative activity against certain organisms have been noted (5) (6) (7) (8) (9) (10) (11) (12) ; the same is true for DMCT (5) . An superior for any particular clinical situation. The present report presents a comparison of the distribution and excretion of the four analogues as observed in the same four healthy young men following single intravenous injection of each of them. The binding of these analogues to plasma protein was also determined in vitro.
MATERIALS AND METHODS
Tetracycline analogues. Sterile ampules labeled as containing 500 mg. of the hydrochloride of TC and CTC and 250 mg. of DMCT-HCI were provided by Lederle Laboratories Division of American Cyanamid Co., and similar ampules of OTC-HCl, labeled as containing 500 mg. base equivalent, were furnished by Charles Pfizerand Co. Each of these preparations was buffered with ascorbic acid except the CTC which was buffered with sodium glycinate. Crystalline preparations of each of the analogues were also made available for standard. solutions and for studies of plasma protein binding. For intravenous injection, each dose was dissolved in 150 ml. of 5 per cent aqueous solution of dextrose and given over a period of 15 to 20 minutes. Two ampules of each of the lots used were assayed for total drug content and the results are shown in Table I . In the text and tables that follow, the doses given refer to the labeled potency, but all calculations and comparisons of distribution and excretion are based on the assayed values.
Subjects and design of study. Four healthy young men, ranging in age from 28 to 32 years and in weight from 68 to 71 Kg., were given each of the drugs intravenouslyin the following sequence: TC, 500 mg.; CTC, 500 mg.; OTC, 500 mg.; DMCT, 250 mg. and DMCT, 500 mg. The individual doses were separated by intervals of one to two weeks in order to insure complete elimination before the next dose was given. Blood specimens were obtained before and at 30 minutes after completion of the injections, at the midpoint of three sequential 30 minute urine collections begun two hours after completion of the injection, and at 4, 6, 8, 12, 24 and 30 hours. The serums were separated as soon as possible and stored at -200 C. until the time of the assays.
All urine excreted during the 96 hours after the beginning of the injection was collected. During each col- (16) . When the concentrations of antibiotic in the serum following intravenous injection were plotted on semilogarithmic paper, two rates of decline were noted: an initial rapid fall followed by a slower one. The second slope 24 , Visking Corporation), which were sealed and placed, in duplicate, each into a sterile screw-capped tube containing 5 ml. of antibiotic diluted in the Krebs-Ringer phosphate buffer. The tubes were placed in a mechanical device at 4°C. and rocked 18 times per minute. The contents of one set of bag and bath fluids were harvested at 24 hours and those of the other at 48 hours and promptly stored at -20°C. until they were assayed. Before the assays, the specimens were diluted and adjusted, when necessary, to achieve uniform protein content and pH among the specimens and standard controls. Two sets of control tubes, in which buffer was substituted for plasma in the bag and 10 Ag. of antibiotic per ml. placed in the bath, were run during the second experiment.
Plasma protein binding, expressed in per cent, was determined by the formula:
Per cent bound concentration in plasma -concentration in bath concentration in plasma X 100. Figure 2 shows the levels of each antibiotic in serum at intervals after the intravenous injections of 500 mg. of the four tetracycline analogues and after the 250 mg. dose of DMCT for each subject; the mean values for all subjects are also charted.
RESULTS

Concentrations of antibiotics in serum
The initial rapid decline, representing distribution into various body compartments, was complete by two to three hours after the injection of each drug.
Comparisons of the second or slower rate of decline indicate that the levels of CTC in the serum fell more rapidly than those of the other analogues; the levels of TC and OTC fell at intermediate rates, while the slowest decline was for both dose levels of DMCT. This was true of the values for each individual and of the mean for all four subjects. 4 Decay rates and half-lives of the antibiotics in the serum, calculated from these data, are given in Table II . CTC was removed from serum most rapidly, at an average rate of 12.4 per cent per hour; TC and OTC decayed at similar and intermediate rates, averaging 8.2 and 7.6 per cent per hour, respectively, and DMCT showed the slowest decay, namely, 6.0 and 5.5 per cent per hour after the 250 mg. and 500 mg. doses, respectively. Correspondingly, the shortest average half-life was 5.6 hours for CTC; the half-lives of TC and OTC were intermediate at 8.5 and 9.2 hours, respectively, while that of DMCT was the longest, namely, 11.8 and 12.7 hours after the 250 and 500 mg. doses, respectively. Although there were some variations among the different subjects in the half-life of these antibiotics, each analogue was found to have a distinct rate of decay in serum, within fairly narrow limits.
Relative distribution volumes
The calculated values for the RDV of the four analogues are given in Table III ; these all show distributions greater than the total body weight, presumably due to sequestrations in certain organs such as the liver and reticuloendothelial system more rapid decay of TC in serum in spite of its slower clearance from serum as compared with that of OTC (Table II) will be shown to be due to the more rapid renal clearance of the latter.
Renal clearances
The calculated renal clearances per 1.73 M.2 of body surface for each of the four tetracyclines and for creatinine are shown together with the ratio of these values in Table V . There were wide variations in the simultaneously performed creatinine clearances,5 but each of the four tetracycline analogues was cleared at a fairly distinct rate, with only minor individual variations considering the small number of observations (12 Figure 3 .
Urinary recoveries
The cumulative urinary excretion of each of the tetracycline analogues over a period of four days after the single intravenous dose is depicted in Figure 4 . The per cent recovered was calculated on the basis of the assayed values of the administered doses, as shown in Table I . Almost all of the amounts excreted were recovered in the urine during the first 24 hours, but small amounts of each were still detected on the fourth day, except for CTC which could not be detected in urine after the third day. The most rapidly and completely excreted analogue was OTC; TC ranked next in these respects, followed by DMCT and CTC. Figure 5 presents 
Rates of renal and nonrenal removal
The nonrenal removal rates, determined by subtracting the renal removal rates from the serum removal rates and expressed both in per cent removed per hour and as half-life, are presented in Table VI ; the calculated renal removal rates, expressed in the same manner are also given. The latter rates, as expected, were more rapid for OT and OTC than for CTC and DMCT. Of par- t See "Materials and Methods" for formulas from which these rates were calculated.
The initial concentrations in the baths were de-used and the considerable effects of changes in pH signed to provide levels of antibiotic in plasma on tetracycline activity. In a control study in -comparable to those achieved with the usual which buffer was substituted for plasma in the therapeutic doses. dialysis bag, the mean differences noted in either There were considerable differences in the per direction (i.e., bag to bath or vice versa) was ,cent of each drug bound to plasma. This was to about 11 per cent, suggesting that these data be expected from the errors inherent in the micro-should be interpreted with caution with respect to biological assay, the low concentration of drugs the absolute values. (Figure 1 ) differ from one another only in the presence or absence of either chlorine, or a hydroxyl or methyl group in one of the three positions on the "upper tier" of the molecule. These chemical differences are not accompanied by changes in the antibacterial spectrum, although differences in relative activity against certain organisms have been noted (5) (6) (7) (8) (9) (10) (11) (12) ; they are, however, associated with major differences in the physical properties of the analogues. Thus, under physiological conditions of temperature and pH, CTC is rapidly inactivated, whereas the other analogues are fairly stable (1, 6, 21, 22) ; however, only DMCT remains stable at 1000 C. and highly acid or alkaline pH. Other factors, such as differences in solubility and affinity for certain tissues, including blood plasma, may account for the different distribution, sequestration in certain organs and rates of elimination of these analogues.
Wide differences in the serum half-life of intravenously injected tetracyclines are reported, or can be calculated from data in the literature. The divergences are probably due, in large part, to the methods of assay and to the time allowed for equilibration in the body before the blood samples are drawn. In this laboratory, the twofold dilution method has generally yielded a shorter halflife than the cup-plate method (2, 23). Spitzy and Hitzenberger (24) , employing a 2:3 serial dilution method for assay, reported the half-life of CTC, TC and OTC in blood following injection of 100 mg. to be 2.74, 2.04 and 0.73 hours, respectively. Calculations from data presented by others for TC show the half-life to be 3.0 to 6.6 hours after doses of 100 to 500 mg. (dilution method) (25), 7.5 hours after a 500 mg. dose (method unspecified) (26) , and about 14 hours after a similar dose (dilution method) (27) .
In the present study, in which the more accurate cup-plate method was used, the half-life of each analogue in serum was fairly distinct and was ranked in the same order for each subject.-The longest mean half-life was that of DMCT (12.7 and 11.8 hours for the two doses), followed, in order, by those of OTC (9.2 hours), TC (8.5 hours) and CTC (5.6 hours). These values for DMCT and TC correspond to those previously reported after six hours' equilibration following oral doses, viz., 11.8 and 8.2 hours, respectively (2) , and are also in agreement with the value of about 10 hours for the serum half-life of DMCT1 calculated from the data of Sweeney, Hardy, Dornbush and Ruegsegger (3), the same assay method being used in all these studies.
Few reports are available on the relative distribution volume of the tetracycline analoguesSpitzy and Hitzenberger (24) reported the relative distribution volume of TC, CTC and OTC to be 95, 92 and 90 per cent of body weight, respectively. The values derived in the present study were considerably higher. OTC was found to have the largest distribution volume, exceeding-180 per cent of body weight in each subject with a mean value of 189 per cent. The 500 mg. doseof DMCT gave a mean value of 179 per cent followed by TC, CTC and the 250 mg. dose of DMCT at 159, 148 and 148 per cent of body weight, respectively. The reason for the discrepancy between the two DMCT values is not readily apparent, but may be due, in part, to differences in time required for equilibration. In any event, all these results must be interpreted with considerable caution because of a) the considerable errors involved in the microbiological assays of both the dose injected and the concentrations in the serum, and b) the error inherent in the single injection method of determining distribution volume due to incomplete or irregular equilibration of drug in body compartments (28) . Nevertheless, the gross differences in distribution of OTC, TC and CTC may be important in interpretation of data obtained in oral absorption studies in which these three drugs are compared (4). Because of its larger relative distribution volume OTC may be expected to produce lower blood levels than the other two analogues even if it were absorbed equally well. A better method of comparing the completeness of absorption may be the total urinary recovery and this is discussed below.
Although the relative distribution volumes of the tetracycline analogues are very large, the drugs are not evenly distributed throughout the body. Studies of the distribution of OTC and CTC in the tissues of the mouse by means of autofluorescence microscopy have shown the highest concentrations of these drugs to be in the liver, kidney and reticuloendothelial system (17, 18).
Snell, Gorkuscha and Allen (19), employing C14-labeled OTC in mice, found the greatest accumulation of radioactivity in the liver which also tended to retain drug in high concentrations even after the labeled drug could no longer be detected in the blood. Leevy, Zinke and Chey (20) using a similar method in man, also found OTC to be sequestered in the liver and slowly released into the blood. 6 Apparently the size of the relative distribution volume is of no help in predicting the relative degree or order in which the analogues penetrate into the cerebrospinal fluid. Wood and Kipnis (29) obtained higher spinal fluid levels with TC than with OTC and CTC in man after comparable doses. In general, the penetration of these analogues into the cerebrospinal fluid is rather poor despite the large distribution volumes (30) (31) (32) .
Data on penetration of DMCT are not available. Differences in penetration into the cerebrospinal fluid may be an overriding consideration in the choice of drugs under certain conditions.
The major route of excretion of all of the tetracycline analogues is through the kidneys. The reported urinary recoveries of drug vary considerably, but generally TC and OTC have been s After submission of this paper it was shown that, following a single intravenous injection, DMCT, like the other three analogues, is concentrated in the liver and excreted in the bile where it is found in concentrations up to 32 times greater than in the simultaneously obtained serum. This would indicate that the higher and better sustained serum levels of DMCT cannot be explained by diminished excretion into the bile (41) . recovered in larger amounts than CTC (26, (30) (31) (32) (33) (34) (35) (36) . Sweeney, Hardy, Dornbush and Ruegsegger (3) recovered larger amounts of TC and less of CTC as compared with DMCT in an eight hour collection period after an oral dose. In the present study, the most complete recovery was obtained with OTC (70 per cent) followed, in order, by TC (60 per cent), DMCT (42 per cent) and CTC (18 per cent). These recoveries were in close agreement with the expected recovery of these drugs as calculated from the ratio of the rate of renal clearance to serum clearance ( Figure 5 ).
Sirota and Saltzman (37) reported that CTC was cleared by the kidney at about 35 per cent of a simultaneously performed creatinine clearance and that its clearance rate was not altered by an osmotic diuresis. They inferred from this and from their studies on plasma protein binding that CTC was cleared by glomerular filtration. Similar conclusions can be drawn from the data for the four tetracycline analogues obtained in the present study. The analogue that was most rapidly cleared by the kidney was OTC (85 ± 14 per cent), followed in order, by TC (62 + 8 per cent) and by CTC and DMCT, both of which were cleared at essentially the same rate, namely about 30 per cent of a simultaneous creatinine clearance. Variations in the rate of urine fl6w from 2 to 14 ml. per minute did not alter these clearances. These results are also in good agreement with those previously reported in an oral absorption study (2) The data pertaining to the rate of nonrenal removal of TC is somewhat at variance with those reported in an earlier study on the persistence of TC in the blood of anuric patients (23) . In that study TC was removed from the serum of anuric patients at a rate of 0.6 to 1.2 per cent per hour as compared with a mean rate of 3.3 per cent per hour calculated in the present study. These differences may be due to a) the shorter period of equilibration in the present study, b) differences between assay by the twofold dilution method and the cup-plate method and c) differences in the "metabolism" of the drug in normal and uremic patients. On the other hand, there is fairly good agreement between the nonrenal removal rate of 9.5 per cent per hour obtained in the present study for CTC and the corresponding rate of about 6 to 10 per cent per hour in uremic patients in the earlier study (23) . 7 Sirota and Saltzman (37) using a fluorophotometric method of assay and somewhat higher concentrations of antibiotic than those employed here, found 65 to 70 per cent of CTC bound to human plasma proteins (mainly albumin), which is greater than the binding demonstrated here. 7 In the present study, CTC and DMCT were found to be bound to plasma to a similar extent, namely 41 and 47 per cent, respectively, and to about twice the extent of the binding of OTC and TC (20 and 24 per cent, respectively). Figure 6 , in which tetracycline is used as the standard of 7The difference may represent bound antibiotic that is fluorescent but not antimicrobially active. 8 Wozniak (42) Teference and the levels of activity are plotted on an arithmetic scale. Similar relationships would be revealed with the use of any of the other three -analogues as a standard of reference, except that -the absolute values would be altered depending on which of the drugs was used. The considerably greater levels of activity produced in serum by DMCT as compared with either TC or OTC are readily apparent in this figure. Indeed, the 250 *mg. dose of DMCT yielded greater activity throughout the period of observation than the 500 mg. dose of either TC or OTC. CTC, on the other hand, produced much greater activity than the same dose of DMCT during the first eight hours, after which the levels from the latter were greater.
It is to be borne in mind, in addition, that these relationships also vary with the test organism. 'Thus, against the strain of Staphylococcus aureus ATCC 6539P used in the turbidimetric assay of -the intravenous preparations that were administered, DMCT was about 90 per cent as active as CTC, three times as active as TC and 1.9 times as active as OTC. Against the test strain of B.
-cereus used in the assays of the serums, DMCT was 70 per cent as active as CTC, three times as :active as TC and four times as active as OTC.
SUMMARY AND CONCLUSIONS
The distribution and excretion of the four tetracycline analogues-tetracycline (TC), oxytetra--cycline (OTC), chlortetracycline (CTC) and deTmethylchlortetracycline (DMCT)-were studied -following single intravenous injections in four healthy young men. Each drug was given in a dose of 500 mg. and an additional dose of 250 mg. of DMCT was also studied. Estimations of the binding of these analogues to plasma proteins was determined by equilibrium dialysis in vitro.
The mean half-life in serum was longest for DMCT, shortest for CTC and intermediate for TC and OTC.
The greatest mean relative volume of distribution was that of OTC, but all four analogues were distributed through a relative volume greater than the total body weight, indicating that there is considerable sequestration in body compartments, notably the liver.
DMCT was cleared from serum, on the average, about one-half as rapidly as CTC; TC and OTC were cleared at similar rates which were intermediate. The renal clearances of DMCT and CTC were similar and averaged about 30 per cent of the simultaneous clearance of creatinine; the corresponding values for TC and OTC were 62 and 85 per cent, respectively. The renal clearance rates were not significantly affected by changes in urine flow from 2 to 14 ml. per minute. All of these drugs are probably cleared by glomerular filtration.
The average 96 hour urinary recovery of OTC was 70 per cent of the administered dose, as compared with 60 per cent for TC, 42 per cent for DMCT and only 18 per cent for CTC. These values corresponded closely to those calculated from the ratio of renal clearance to serum clearance. The greatest proportion of the total of each drug excreted in the urine was recovered in the first 24 hours.
The nonrenal removal rates of TC, OTC and DMCT were very similar and averaged 3 to 4 per cent per hour; CTC, however, was removed much more rapidly by nonrenal mechanisms (9.5 per cent per hour).
Both DMCT and CTC were bound to plasma to about the same extent (41 and 47 per cent, respectively) and to about twice the extent of OTC and TC (20 and 24 per cent, respectively), but there were wide variations in these results.
Of the four analogues, therefore, DMCT clearly produces the most sustained levels in the blood, OTC is the most completely excreted in the urine, TC produces slightly less sustained levels in the blood and slightly lower urinary recoveries than OTC, and CTC yields the least sustained levels in blood and the smallest recovery in the urine.
The importance of using a single standard of reference in comparing activity of related drugs was discussed and illustrated by the levels obtained in the serums in the present study.
